The dissolution process plays an important role in optimizing photoresist materials and processes for next-generation lithographic technologies. In this paper, we describe the application of high-speed atomic force microscopy for in situ analysis and characterization of photoresist dissolution. In particular, the physical changes in an exposed extreme ultraviolet (EUV) photoresist film are analyzed in real time -before, during, and after the development process. In this initial work, we report the dissolution characteristics of an EUV-exposed poly(4-hyrdroxystyrene)-based polymer resist processed with a tetramethylammonium hydroxide developer solution. #
xtreme ultraviolet (EUV) photoresist materials and processing are considered as one of the most critical issues in achieving the desired targets for EUV lithography. [1] [2] [3] [4] Extensive research has been conducted on high-performance photoresist materials, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and recently numerous improved methods for photoresist processing have been reported. [13] [14] [15] [16] Photoresist development or dissolution is one such process that has been extensively studied, [17] [18] [19] [20] [21] [22] and it has garnered increasing attention over the past few years. 13, 14, 16, 23) Various analysis methods, such as the quartz crystal microbalance 24, 25) and dissolution rate monitors, 26, 27) provide information that can help describe or define the behavior of a photoresist film during the dissolution process. However, until now there has been no direct evidence of the mechanism operational on the photoresist film during this chemical process. A visual observation of the actual pattern formation of photoresists during dissolution may provide new pointers concerning further improvement of the performance of the photoresist process.
Research on atomic force microscopy (AFM) has led to the development of ultra-fast scanning and nano-level analysis capabilities over the years. AFM measurements performed under a liquid solution have also improved and are already being applied in the dynamic observation of biomolecular processes. 28) These continuous improvements in AFM capabilities indicate a remarkable potential in its application for the in situ analysis of the dissolution behavior of a photoresist. Figure 1 shows a picture of the high speed AFM (HS-AFM) system (Nano Live Vision by Research Institute of Biomolecule Metrology), which is used here in the intermittent-contact mode. The HS-AFM system comprises a ''sample assembly'' to which a resist-coated and EUVexposed wafer sample is attached and a ''cantilever assembly'' where the cantilever and developer solution are set. An extensively improved version of the AFM reported in an earlier paper, 28) the HS-AFM is equipped with highly sensitive, ultra-fast cantilever, and AFM scanning capabilities (temporal resolution: 80 ms/image).
The cantilever has a resonance frequency of approximately 1 MHz in water and a spring constant of 0.1-0.3 N/m. An amorphous carbon tip was grown on the original cantilever tip by electron beam deposition. The tip length was adjusted to about 1 m, and the tip apex was sharpened by plasma etching (<15 nm in radius). A deflection sensor is focused onto a small cantilever with an objective lens (20 times magnification). For the analysis, an approximately 2 Â 2 mm 2 wafer sample is set on a sample stage made of quartz glass. All HS-AFM measurements were performed at room temperatures.
For these initial analyses, an EUV positive-tone poly(4-hyrdroxystyrene)-based polymer resist, the Selete standard resist 5 (SSR5) was utilized at a film thickness of 60 nm. 13, 14) The post-application bake was at a temperature of 120 C for 90 s, while the post-exposure bake was at 100 C for 90 s. 13, 14) A 0.26 N tetramethylammonium hydroxide (TMAH) developer solution was utilized at a 1/20 diluted concentration to reduce the development speed and thus allow a clearer analysis of the dynamic development process.
The wafer samples were prepared using the small field exposure tool (SFET, numerical aperture = 0.3). 2, 13, 14) The SFET was linked to a coater/developer track system (Tokyo Electron Clean track ACT12) in a chemically controlled environment. The standard illumination condition used for the evaluation of the photoresist materials was an annular illumination of outer 0.7/ inner 0.3. The 32-nm isolated line (I/L) pattern exposures were made on a 300-mm ' silicon wafer, which was then cleaved to obtain the 2 Â 2 mm 2 wafer samples used for the in situ analysis. To obtain reference images of the SSR5 under standard photoresist processes, S-9380II (Hitachi High-Technologies) scanning electron microscope (SEM) for the top view and S5000 (Hitachi High-Technologies) for the cross-section view was utilized at optimal conditions. 13) Figure 2 shows the process flow of the preparation for HS-AFM analysis. First, the assembly and setup of the ''cantilever assembly'' and ''sample assembly'' were per- formed (a). Next, a pre-determined volume of de-ionized (DI) water was injected onto the cantilever assembly (b), after which the sample assembly was adjusted to the optimal distance from the cantilever assembly (c). Data collection or roughness information, obtained by observing the variation of the laser reflected from the oscillating cantilever, begins while adjusting the high-speed AFM scanner's x, y, and z values to position the cantilever on measurement area (d). High-speed scanning is performed to evaluate the initial surface conditions of the sample wafer before the development process (e). During the AFM high-speed scanning, a predetermined volume of developer solution was injected and the scanning was continued until dissolution was completed (f). Figure 3 shows the top view of the development of the 32-nm I/L pattern exposed on the SSR5 at a series of arbitrary points of time (t0-t10). As a reference, the top view obtained by an SEM after a standard photoresist process is also shown.
It can be observed that at time 0 (t0), with the photoresist film analyzed under DI water, some thickness loss assumed to be due to EUV exposure already exists. As the 0.26 N TMAH developer solution was injected into the DI water, resulting in a 1/20 concentration, the developing process began and was observed as an increase in film roughness at t1 and t2 of the EUV-exposed area on both sides of the 32-nm I/L pattern. The variation in roughness of the exposed area increases at t3, where some dark spots among the resist grains (representing generated pits) start to appear, indicating the disintegration or dissolution of the exposed photoresist film. The dissolution continues from t4 to t7, where the 32-nm I/L pattern starts to manifest. The dissolution continues after t7 until only the 32-nm I/L pattern remains, and the development process is assumed to finish at t10. Figure 4 shows the in situ development analysis results of the 32-nm I/L pattern exposed on SSR5 after a threedimensional (3D) rendering. As a reference, a crosssectional SEM image obtained after a standard photoresist process is also shown.
These results provide a direct visual representation of the actual dissolution process. From t4, large areas of the EUVexposed film begin to dissolve rapidly, and by t8 only a few sections on both sides of the 32-nm I/L continue to dissolve. Note that at t4 some resist swelling (an increase in film roughness beyond the original resist thickness) occurs, but immediately disappears at t5. Moreover, upon a finer analysis of the 3D results at t5 and beyond, a consistent swelling can be observed directly on the top edges of the 32-nm I/L pattern. This swollen film was especially prominent at t6, and it continued to remain even until t10 where the dissolution process is assumed to have finished. This phenomenon at the edge of the pattern provides possible pointers for explaining the mechanism of the effect of the development process on the line width roughness. However, further work is necessary for better comprehension of the mechanism. In summary, we conducted an in situ analysis of photoresist dissolution using the HS-AFM. These initial results indicated the potential of this method and provided new insights into the actual dissolution process of photoresists. Moreover, the results supported numerous previous assumptions about photoresist dissolution mechanisms and presented possible pointers that may help in the understanding and advancement of photoresists for use in nextgeneration applications. Fig. 4 . The 32-nm I/L pattern exposed on SSR5 after 3D rendering. As reference, a cross-sectional SEM image obtained after a standard photoresist process is also shown.
